3+
) occurs substituting for Si 4+ at S1 sites in the notation of Lehmann and Bambauer (1973) and at interstitial sites (I 4 sites, ibid.) in the quartz structure. The purple color of amethyst is explained by the formula:
( 
Introduction
Prasiolite is a transparent to translucent quartz variety whose color varies from pale gray green to deep grass green. The first natural prasiolite was found in the early nineteenth century in the vicinity of Suszyna-Mrówie-niec (Lower Silesia, Poland) and Płóczki Górne in Lower . This electron transition is reversible by heat treatment. Cox (1977) explained polarized absorption spectra of amethyst as connected with d 4 ions-specifically, Fe 4+ . Cohen (1985) described irradiation-related Fe 4+ ion located at interstitial rather than substituted sites. Charge transfer among Fe 4+ and Fe 2+ ions caused the pleochroic violet color and the intensive absorption band at 545 nm. This electron transition is reversible by heat treatment at 350-450 °C. Moreover, for Fe 4+ ions, the UV absorption band is at 357 nm. Heat-treated amethyst changes to citrine and at higher temperature (500 °C) to brown quartz caused by Fe 2 O 3 particles with an approximate size of 100 nm (Henn and Schultz-Güttler 2012) . Certain amethysts can turn to green varieties by heat treatment at 400-500 °C when the interstitial Fe 3+ (I 4 ) changes to Fe 2+ (I 6 ), showing a wide band at 720 nm. This color is stable up to 600 °C. Color change in different quartz crystals caused by irradiation and heating has been demonstrated mainly with optical, FTIR and Raman spectra (Lameiras et al. 2009; Guttler et al. 2009; Hatipoğlu et al. 2011; Alkmim et al. 2013; Nunes et al. 2013 ). Nassau and Prescott (1977) found the green and violet colors reflects structurally independent causes and the crystals to be different from "greened amethyst" as described in Lehmann and Bambauer (1973) . They observed that green-yellow color of quartz appeared after 60 Co gamma irradiation with a dose of 15 megarad (150 kGy). On heating to 350 °C, the violet color was lost, whereas the green color was preserved. The green color was lost on heating to 500 °C and could not be restored by subsequent gamma irradiation. Platonov et al. (1992) showed that the green color of prasiolite is connected with the Fe 2+ -Fe 3+ (IVCT) transition which occurred at 725 nm. Herbert and Rossman (2008) , in the study of prasiolite crystals from Thunder Bay (Canada), confirmed that the presence of Fe and irradiation of the quartz is necessary to emergence the green color. He also showed that, like amethyst, Thunder Bay prasiolite turned yellow, brown or colorless on heating to >300 °C. Lameiras (2012) showed that colorless quartz crystals could change to prasiolite or amethyst after irradiation with a 400 kGy dose. The irradiation of the colorless sheets was performed in a Cobalt ® -60 Nordion GB-127 panoramic dry gamma irradiator up to a dose of 600 kGy. The temperature in the irradiation room was about 300 K (27 °C). The dose rate was not controlled, but it varied from 0.5 to 20 kGyh −1 . The valence of the Fe ion, and its position in quartz crystal structure, has been analyzed by EPR spectroscopy in the articles listed earlier. The EPR center is characterized by a gyromagnetic ratio (g factor), which, for a free electron, is the electron g e factor defined by
→ µ is the spin magnetic moment, μ B -Bohr magneton, h-Planck's constant, → S -spin angular momentum. The g factor of a free electron is g e = 2.0023. The g factor of the iron-group ions in crystals, for which the crystalline field is stronger than the spin-orbital interaction, is g = g e − 8· , where λ is the spin-orbital coupling constant and Δ is the strength of the crystalline field. The crystalline field creates through the spin-orbital interaction an additional field of axial or rhombic symmetry. For this reason, the spectrum is described by two g⊥ and g|| values for trigonal and tetragonal local symmetry or by three principal g x , g y , g z values for lower crystal symmetry. For ions in low-symmetrical (rhombic and lower) crystalline fields with large initial splitting, measurements at frequencies that are below the splitting value enable one to gather the following information on the ion: site symmetry, the degree of distortion, orientation of the crystalline field axes, the presence of nonequivalent positions. These data are made available by studying the relation of the E/D (rhombicity/axiality) factor. For Fe 3+ (d 5 ion) spectra measured using the X-band spectrometer, only the − 3 2 → + 3 2 transition is obtained and the g factor varies from 0-6, taking an isotropic value 4.3 with E/D = 1/3 (Marfunin, 1979) . For non-Kramers ions (Fe 2+ or Fe 4+ ), obtaining the EPR spectra is feasible only with a small splitting in the zero field. In fields of orthorhombic or lower symmetry fields, only singlet levels remain, and moreover, the distance between them exceeds the microwave quantum hν in use and no EPR signal for the X-band spectrometer is observed.
The EPR measurements for amethyst crystals proved that ferric (Fe 3+ ) ions are present in substituted orthorhombic sites with a g factor of about 4.28 (SivaRamaiah et al. 2011) and in interstitial sites, in channels, with a g factor close to 2.0023. Research conducted by Weil (1984 Weil ( , 1994 has proven that Fe 3+ ions in amethyst are present in tetrahedral sites and are accompanied by different positive ion compensators (Li, Na, H), with g factors close to 2.00 and different E/D factors. The distribution of Fe 3+ ion in three Si 4+ equivalent sites could be unequal, as described by Cortezão et al. (2003) . Cox (1976) used measurements of amethyst done with K and Q-band spectrometers to prove the presence of not only the Fe 3+ ion but also of Fe 4+ in the crystals studied. Moreover, Stegger and Lehmann (1989) Mössbauer spectroscopy is the most suitable method for researching the valence and coordination of Fe ions and is used most often for Fe-bearing minerals. Examples of the many good publications on the application of Mössbauer spectroscopy to the study of minerals are those of Greenwood and Gibb (1971) , Zhe et al. (2001) , Darby Dyar et al. (2006) , Berry (2005) , Grodzicki and Lebernegg (2011) , Golubeva et al. (2009) and Fridrichova et al. (2015) . Möss-bauer spectra characterize the iron ions through the following parameters: isomer shift (IS), quadrupole splitting (QS) and half line width (Γ). The isomer shift parameter (IS or δ) where
) is a measure of the density of s-electrons at the nucleus compared with their density at the source nucleus. It is proportional to the electron density ρ 0 at the nucleus. Constant α is proportional to the change of the nucleus radii during the transition. For the Fe 57 nucleus, the positive isomer shift corresponds to a decreased electron density on the nucleus. The s-electron density, however, becomes subject to an effect produced by the 3d-electrons of iron-an effect that manifests itself in the shielding the s-electrons on the nucleus. Thus, any increase in the number of the d-electrons leads to a reduction of the s-electron density at the nucleus and, consequently, to a greater isomeric shift. So Fe 3+ ions have a lower isomer shift than Fe 2+ as ρ 0 of Fe 3+ is greater due to a weaker screening effect by the d-electrons. Quadrupole splitting (QS or Δ) is a product of a nuclear quadrupole moment Q times electric field gradient V zz and electron charge e QS-eQV zz . The electric field gradient depends on local distortion of the Fe-site and interaction of ligand electrons with intrinsic p-and d -electrons of the atom. For Fe 3+ and high-spin state, five 3d-electrons form a half-occupied shell with a spherical symmetry and, thus, the intrinsic Fe 3+ electrons fail to contribute to the quadrupole splitting. In this case, the quadrupole splitting is dominated by the lattice contribution. For high-spin Fe 2+ (d 6 configuration), the crystal field and lattice distortion in the nucleus site should be noted. The quadrupole splitting parameter is frequently large for slightly distorted sites (Evans et al. 2005a, b) . A comparison of the value of the quadrupole splitting with the degree of coordination polyhedron distortion generally shows no unequivocal interdependence (Ingalls 1964; Rancourt et al. 1994 , 10 −2 and 3 · 10 −2 atomic percent, i.e., 10, 100 and 300 ppm, respectively. So it is possible to measure the resonance signal for samples of SiO 2 (with the light elements Si and O) containing several Fe ppm. This assumption was proven for synthetic amethyst by Dedushenko et al. (2004) and for fulgurites by Sheffer (2007) . They measured repeatable Mössbauer spectroscopy results for SiO 2 , containing relatively little Fe, i.e., 160 ppm (Dedushenko et al. 2004 ) and 400 ppm (Sheffer 2007) . However, Sheffer (2007) In this paper, we present here the results of Möss-bauer spectroscopy measurements for a prasiolite from Sokołowiec, Poland, and four violet quartz crystals from Sokołowiec, and from other sites in Poland. All the quartz samples were gamma irradiated (dose 10 kGy), heat treated (500 °C/2 h), and the irradiated ones were also heated. In this manner, the five quartz samples were prepared for Mössbauer spectroscopy. The data were augmented by XRF analyses. As the iron content in the quartz crystals was very low, the Mössbauer spectroscopy measurements were conducted over many (<9) days to order to obtain the most accurate results possible.
The aim was to confirm the presence of Fe 2+ and Fe 4+ in prasiolite and amethyst, respectively. However, the results of did not confirm their presence.
Materials and methods
At Sokołowiec, prasiolite with an intense green color forms crystals that completely or partially fill amygdales in porphyritic volcanic rocks. The prasiolite is genetically related to well-known agate occurrences. A dark amethyst (Sample A2a) and another with a bright amethyst color (Sample A2b) were also collected at this locality. Amethyst (Sample A3) Tertiary agates at Regulice near Kraków and amethyst (Sample A1) from a quartz vein in slate in the Kletno massif (Sudety Mountains) were also analyzed.
Chemical analyses
Chemical analyses were performed using an energy-dispersive X-ray fluorescence (EDXRF) spectrometer-Epsilon 3 (Panalytical, Almelo, Netherlands) with a Rh target X-ray tube operated at a maximum voltage of 30 keV and a maximum power of 9 W. The spectrometer is equipped with a thermoelectrically cooled silicon drift detector (SDD), with a 8-μm Be window and a resolution of 135 eV at 5.9 keV. Quantitative analysis was performed using Omnian software based on a fundamental parameter method and under the following measurement conditions: 12 kV, 300 s counting time, helium atmosphere, 50-μm Al primary beam filter for Ba; 20 kV, 120 s counting time, air atmosphere, 200-μm Al primary beam filter for Cr, Mn and Fe; 30 kV, 120 s counting time, air atmosphere, 100-μm Ag primary beam filter for Cu, Zn, Ga, Ge, As, Sr and Y. The current of the X-ray tube was fixed to not exceed a deadtime loss of ca 50%. The results are presented in Table 1 .
Irradiation procedure
The samples were irradiated using 6 megavolt X-rays from a medical linear accelerator. All samples received a dose of 10 kGy. A special system (8 cm × 8 cm × 8 cm plastic box) was built for this irradiation. The surface of the box was placed 60 cm from the X-ray source. The samples were located 1.75 cm below the box surface facing the radiation source. In the plastic, X-rays are characterized by the specific dose distribution with the maximum dose at depths of ca 1.5 to 2 cm. In this manner, the irradiation of the sample was controlled very accurately; dose uncertainty was <2%. The maximum energy value was 6 MeV, and the average energy value of the photons beam was 0.5 MeV. Moreover, the irradiation method used ensured homogeneity of dose distribution throughout the sample (Konefał et al. 2015) .
Heat treatment
The prasiolite sample was heated at 500 °C/1 h and 600 °C/8 h. After the first step of annealing, the green crystals did not change color, but the colorless ones became brown. After heating at the higher temperature, the green crystals became bright yellow, and those that had become brown earlier became colorless again.
The amethyst crystals were heated at 500 °C for 2 h in an air atmosphere in static conditions. After heating, amethyst crystals with higher Fe content (A1 and A3) changed their color to bright citron-like yellow, but the amethysts from Sokołowiec (A2a and A2b) became colorless. After irradiation, the color of the studied amethysts did not change, although the hue of the color of sample A3 did so to a small degree.
Mössbauer measurements
The 57 Fe Mössbauer spectra were recorded at room temperature using a constant acceleration spectrometer with a 
Co:Rh source (activity ~ 15 mCi), a multichannel analyzer with 1024 channels and a linear arrangement of the 57 Co source, absorber and detector. A gas proportional counter was used as the gamma-ray detector. A 2-mm plastic filter was placed in the beam to absorb the 6 keV X-rays before they enter the detector. The 2 keV escape peak and 14.4 keV γ ray pulses were selected with a multichannel analyzer. A metallic iron powder (α-Fe) absorber was used for velocity and isomer shift calibration of the Mössbauer spectrometer. The numerical analysis of the Mössbauer spectra was performed with the use of the WMOSS program. The obtained spectra were fitted as a superposition of several doublets. The decomposition into doublets was performed by a Lorentzian function. The time of Mössbauer spectrum collection was typically from four to nine days, and baseline counts ranged from ~25 to 50 million after the Compton correction, as required to obtain reasonable counting statistics. No influence by the detector window on the spectrum was not observed during the period of the measurements. For the prasiolite and amethyst crystals, the error for the IS parameter was from 1 to 15%, the mode 4%, the average 6%. The error for the QS parameter was from 1 to 11%, the mode 4%, average 5%. The highest values of errors, e.g., 15 and 11%, pertain to the hyperfine parameters of one sub-spectra of the bright amethyst from Sokołowiec (A2a). The results for prasiolite are shown in Fig. 2a-d and in Table 2 and those for the amethyst crystals in Fig. 3a-d and in Table 3 . The resonance signal of the bright amethyst sample (A2b) is very weak but does not contain any false or random counts and neither does the signal from detector window measured under the same condition, as demonstrated in Fig. 4 .
Results and discussion
The Fe content in the prasiolite crystal from Sokołowiec is significantly greater than in the other crystals (Table 1 ). In the amethyst crystals, the contents were average or lower. Levels of residual elements are similar to those reported in Hatipoğlu et al. (2011) .
Demonstrating the occurrence of the Fe 4+ as well as Fe 2+ ions would be a huge import to an understanding of the cause of color of amethyst and prasiolite. In that context, a review of all possible sites for iron ions in the quartz structure is pertinent. . The presence of Fe 2+ ions in S sites is hard to accept, up to now, has not been confirmed as because Fe-O distances are 1.911 and 1.8645 Å (mincryst database), i.e., they are greater than for Si-O in quartz (1.598 and 1.616 Å). 2. Some interstitial positions are located in channels in the quartz structure. Quartz has relatively open channels. The large central channel is parallel to the threefold c-axis and formed by a six-membered ring of SiO 4 tetrahedra. The average size of this channel in a 1,2,3 -direction is about 3.28 Å. It is widely accepted, after Lehmann and Bambauer (1973) , that there exist two different interstitial sites for ions coordinated by four or six oxygen ions and denoted as I 4 or I 6 , respectively (Fig. 1a) . ion could be placed in this small channel. The average distance between the I 4 site in the channel and the I 3 site in the small channel is 1.89 Å. 3. The other channel is parallel to the a i -axis, halfway between two equivalent silicon sites in the c-direction (Fig. 1c) . The site in the middle of this channel is coordinated like the I 4 site in the c-channel, that is, by oxygen numbered as O(3)-and O(5). Therefore, in these cases, the effective symmetry and the Fe-O distances are the same. These large c-and a-channels intersect in site I 4 . 4. Other channels intersect with the c-and a-axis channels and make an angle of about 57° with the c-axis. It has been known for a long time that small positive ions H + , Li + and Na + can be present in these and can diffuse readily throughout them.
It is worth considering the possibility of a displacement of iron ions over small distance within the different sites of individual channels or among channels. The preferred site for such a displacement is site the I 4 site in the central c-channel. Displacement parallel to the c-axis from this site to I 6 would seem to be easy, and the distance between I 4 and I 6 is only 0.900 Å. Displacement in a perpendicular direction along the a-channel does not change the Fe-O bond length or the symmetry of coordination polyhedra. Only displacement from I 4 to I 3 causes a distinct decrease in Fe-O bond length and diminishes the symmetry of coordination. Such a displacement, though for a distance of 1.89 Å that is twice greatest than I 4 -I 6 , is not hindered either by the silicon site or by O(1) ions. Such displacements might well be achieved by the heating or irradiation of crystals. , as well as changes in bonding lengths and the symmetry of coordination polyhedron. For this reason, distinct changes in quadrupole shift (QS) and isomer shift (IS) would be expected. However, we propose that the moving of Fe ions from interstitial sites be considered. It has been shown for amorphous silica (Agnello 2000) , and calculated for the quartz (Wang et al. 2015) , that the average threshold displacement energy is 28.9 and 70.5 eV for oxygen and silicon, respectively, and that the displacement is <10 Å. Also, an EPR study (Hirai and Ikeya 1998) has shown that the heating at 600 °C led to the displacement of atoms, and formed an oxygen vacancy around Si-O tetrahedra. If such effects can emerge for strongly bonded Si-O atoms, it seems more than likely that, with the treatments described in this paper, they can emerge for weakly bonded Fe ions from interstitial sites.
Consider the Mössbauer spectra for prasiolite from Sokołowiec. These are presented in Fig. 2a-d and in Table 2 , for primary (Fig. 2a) and irradiated (Fig. 2b) samples, as well as for those heated at 500 °C (Fig. 2c ) and for those which were both irradiated and heated (Fig. 2d) . In this prasiolite, only the Fe 3+ ion has been identified. It is evident from the data in Table 2 that Fe 2+ ions are present neither in the primary nor in the irradiated or heated crystal. Instead of its ion, three doublets have been singled out. One, marked as D3, corresponds to the Fe 3+ ions in the octahedral site; it is probably the I 6 site. The two remaining doublets (D2 and D1) should be assigned to Fe 3+ ions in tetrahedral sites due to their smaller isomer shift values and larger quadrupole shift values. The doublet D1 has a smaller IS than D2, which is characteristic for a smaller Fe-ligand distance. For this reason, the D1 doublet could initially be considered as originating from Fe 3+ ions substituting silicon in the Lehmann and Bambauer (1973) . b Projection onto plane perpendicular to the c-axis; view onto the c-channel after Fig. 1 in Weil et al. (1984) . c Projection onto plane perpendicular to the a 1 -axis; view onto the a-channel after Fig. 9 in Matarresse et al. (1969) quartz structure, and D2 from Fe 3+ in interstitial I 4 sites. This assumption, however, is difficult to reconcile with the fact that the quadrupole splitting of D1 is distinctly larger than that of D2. Distortions of the SiO 4 polyhedron calculated according to the formulas in Robinson et al. (1971) are equal, i.e., 6.17 × 10 −5 for Si-O in the quartz structure and 6.27 × 10 −4 for the I 4 site. Thus, the need is to find other sites for which both conditions, namely the smallest Fe-O distances and the largest distortions of coordination, would be met. In our opinion, the I 3 site meets these conditions. Therefore, we conclude that all Fe ions are Fe 3+ and are situated in the interstitial positions; they are in sites I 4 and I 6 of the big channel; in the small channel (site I 3 ), they appear on the spectra as doublets D2, D3 and D1. The effects of irradiation and heating confirm this conclusion. The isomer shift (IS) and the quadrupole splitting (QS) decrease for doublet D1 and increase for doublets D2 and D3, and the half-width decreases for all components. This means that the bond lengths and symmetry of the coordination polyhedra have changed in a similar manner for ions of doublet D2 and D3, but differently for those of doublet D1. The central big channel increases in dimension at the expense of the smaller channel. As a result of irradiation and heating, a change in the filling of individual sites has occurred. The amount of iron in tetrahedral sites I 4 decreases in stark contrast to that in sites I 6 and I 3 . The distance between these sites is 0.90 Å along the c-axis from I 4 to I 6 or 1.89 Å perpendicular to the c-axis from I 4 to I 3 . The shift from site I 4 to I 6 appears to be easier; thus, the number of Fe 3+ ions moving from I 4 to I 6 is greater than from I 4 to I 3 .
The contents of iron in the amethyst samples are twenty to forty times smaller than in the prasiolite. For all of the amethyst crystals, only two doublets (D1 and D2) were observed; their parameters are presented in Table 3 and Fig. 3a-d Table 2 distinctly greater than in the octahedral site. The fact that the half-width of the D1 doublet is greater than that of the doublet D2 means that the lattice neighborhood of Fe 3+ tetra ions in this position is not identical. The IS and QS parameters of doublet D2 are similar to those of doublet D3 of prasiolite; therefore, we conclude that Fe ions in the quartz crystal structure as the IS parameter is lower than it is for the other amethysts. However, we see a contradiction in this assumption is evident when the volatility, on heating and irradiation, of the quantities of those ions in a tetrahedral and octahedral coordination is noted. The possibility of the presence of Fe 3+ ions substituting for Si 4+ must therefore be rejected. Table 3 Fig . 4 Mössbauer spectrum of the detector windows measured over 10 days (b) All Fe 3+ tetra ions are present in interstitial sites in different channels, in sites such as I 4 in the prasiolite of samples A1 and A2a, and I 3 in that of prasiolite for A2b and A3. However, the similar QS parameters for all samples do not accord with this hypothesis. Furthermore, the displacement of Fe 3+ ion from I 3 after heating or irradiation is very difficult and has not been observed. (c) Fe 3+ tetra ions are present in interstitial sites in different channels, in sites such as I 4 of prasiolite for A1 and A2a amethyst, but for amethyst in A2b and A3, they are present in the a-channel. It has been noted above that the dimension of the a-channel is less than that of the c-channel, but the axial distortion appears to be similar. This assumption meets the requirement of the similar values of the QS parameter. In addition, the ions in the two channels are mobile and weakly bonded with the Si-O crystal structure.
For samples A1 and A2a, no regular changes of the IS or QS parameters have been observed, nor has any quantitative participation of Fe 3+ in a tetrahedral and octahedral coordination resulting from the irradiation or heating. After irradiation, quantitative Fe 3+ participation in the octahedral I 3 site increased somewhat, and after heating, it decreased. Slightly more pronounced changes of the IS and QS parameters and relative intensity (A in Tables 2, 3) , particularly in samples A1 and A2a. Moreover, the changes of A after heating and irradiating are significant. For sample A2b, they occurred after heating, and for sample A3, after irradiation. In addition, these changes are accompanied by a doublet with IS parameters very close to zero (0.101 ± 0.007 and 0.074 ± 0.017, respectively). Initially, one could hypothetically assume a presence of Fe 4+ ions in some unknown quantity, but why this effect was produced under different conditions is not evident. However, the fact that the value of the QS parameter is close to zero, but not exactly equal to zero, strongly suggests that this assumption is wrong. Therefore, after heating or irradiation, Fe 3+ ions move into positions with shortened bond lengths, probably within the same channel. This may explain why IS decreases and QS increases. 
Conclusions

